Abstract: Thin fibers having diameters ranging from 25 nm to 2 µm were successfully electrospun from solutions of polylactides (PLA) having different molecular weights both in entangled and aligned fiber forms. The latter aligned fibers were collected with a new target comprising a rotor around which several fins were attached. Low viscosity of the solutions resulted in formation of beads or beads-on-strings, while high viscosity gave homogeneous fibers at optimum conditions. The resultant aligned fibers were drawn to 2 -3 times at various optimum temperatures. WAXD of the drawn fibers revealed smectic nature of the PLA chain arrangement in spite of crystal orientation supported. The mechanical properties of the PLA fibers were also improved after drawing.
Introduction
Electrospinning is a facile technique for producing nanofibers from various types of polymer solutions or melts [1] . The fibers, however, are generally obtained as non-woven fabrics having random fiber arrangement, and it is difficult to bring them into further processing as drawing and weaving. Therefore, much effort has been paid to obtain aligned fibers by electrospinning. We recently succeeded in aligning electrospun fibers by using a newly designed target collector comprising a rotor around which several fins are attached [2] . With this technique, we preliminarily prepared aligning electrospun fibers of poly(L-lactic acid) (PLLA) in a form of fiber bundle, and for which we conducted the ordinary drawing for crystal orientation. Although the drawn fibers showed higher mechanical properties than the as-spun fibers, the increase was not as high as that observed for thick fibers that are melt-spun and drawn by the ordinary techniques. We think that the inferior mechanical properties may be attributed to the smectic ordering of polymer chains that have been allowed to solidify by the fast evaporation of solvent. The thin nature of the fibers may also prohibit the re-ordering of the molecular chains inside the fiber. However, the aligning electrospun fibers thus obtained can be tailored into desired shapes by weaving and knitting.
Since the electrospun PLA fibers have high potential as biomedical materials used for tissue engineering, biosensors, and drug delivery system [3] [4] [5] [6] [7] [8] [9] , such aligning electrospun PLLA fibers can find better application in the same field. For example, F. Yang et al. [4] studied cell proliferation on the aligning electrospun PLA fibers to find out that growth of the neural stem cells is improved on the aligned fibers. Xiumei Mo et al. [10] also reported that a tubular scaffold made of aligning electrospun PLA fibers is suitable for regenerating blood vessels. In our process a large amount of aligning fibers can readily be obtained, and their intrinsic applicability is wider not only as biomedical materials but also as industrial materials. This paper deals with the morphology and properties of the aligning PLA fibers that are electrospun and drawn at different conditions. We particularly focus on the polymer molecular weights that may affect the spinnability of the dope used for the electrospinning and the mechanical properties of the PLA fibers finally obtained.
Experimental

Materials
Both poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) having different molecular weights were used as PLA samples, i.e., PLLA163 (Mw = 1.63 x 10 5 Da), Figure 1b shows a schematic diagram of target collector developed for obtaining aligned fibers. The collector consisted of several long aluminum fins fixed on a rotating drum. Each fin was grounded with a wire passing through the hole located in the centre of the drum. The outer diameter of the fin collector was 14 cm, and the height of each fin from the drum center was 7 cm. The distance between each fin at the fin tip was set at 3 cm. This collector was set in the ordinary electrospinning system for which a small syringe (1 mL size) with a thin needle (27 G : inner diameter (ID) = 0.21 mm and outer diameter (OD) = 0.42 mm) was installed on a micro feeder pump (Furue Science, Tokyo), and high voltage was applied between the syringe needle and the collector. A PLA dope was extruded from the syringe at a constant rate. The optimized conditions for the electrospinning were as follows : applied voltage = 10 kV, nozzle-tocollector distance = 20 cm, extrusion rate of the solution = 1 μL/ min, and rotation speed of the collector = 7.3 m/s (1000 rpm).
Electrospinning
The target collector was changed to an aluminum plate of a size 5 x 5 cm 2 for the ordinary electrospinning of a fiber mat.
SEM
Scanning electron microscopy (SEM) was conducted on a VE-7800 microscope (KEYENCE CORPORATION, Japan). Each electrospun fiber sample was dried and placed on an SEM sample holder that was layered with a carbon tape. Gold coating was done prior to the observation. The average diameter and the diameter distribution of the fibers were evaluated by the previously reported sampling method [2] using the SEM photos of 2000, 5000, and 10, 000 magnifications.
WAXD and SAXS
Wide angle X-ray diffraction (WAXD) of aligning electrospun fibers before and after drawing was recorded using a nickel filtered CuKα (λ = 0.15418 nm) radiation from an X-ray generator (Rigaku Geigerflex) operated at 40 kV and 20 mA. The exposure time was 15 min.
Small angle X-ray scattering (SAXS) of aligning electrospun fibers before and after drawing were recorded at the BL-PC (SAXS beam line) in the Photon Factory of the Research Organization for High Energy Accelerator, Tsukuba, Japan. No subtraction of the air scattering was conducted. The wavelength (λ) of x-ray was tuned at λ = 0.1504 nm.
Tensile properties
Tensile properties of the aligning electrospun fibers, as-spun and drawn, were measured by using an Orientec STA-1150 universal tensile testing machine. A bundle of fibers was weighed, twisted approximately 5 times, and mounted on a tensile testing sample frame ( Figure 2 ). The length of the fiber bundles for tensile testing was kept at 1.0 cm. The tensile properties were evaluated in gram force per denier (g/d). By using an ordinary flat target, the electrospinning was examined for a dope containing PLLA163 in high concentration (8 wt%). In our former study [2] , we used a mixture of DCM/DMF (9 : 1 wt/wt) as the solvent. Although DCM was a good solvent of PLLA, its fast evaporation resulted in formation of beaded fibers. When the DCM/ DMF mixture was used, solvent evaporation was slowed down [11 − 12] , and the jet of PLA dope could be stretched to attain uniform fiber morphology. Here, we also employed this mixed solvent to make the PLA dope.
First, the applied voltage between the needle and the grounded target was changed with the other parameters kept constant (nozzle to target distance : 10 cm, solution extrusion rate : 1 µL/ min). At 7 kV (in plus charge on the syringe), formation of beaded fibers was found out, while at 10 kV the extrusion of polymer jet became stable to form the entangled fibers having an apparently uniform diameter. The electrostatic force by poling of the polymer solution surpassed its surface tension over 10 kV to allow the droplet extruded from the syringe needle to stretch into thin fibers.
We also changed the antipodal voltages of the syringe and target, i.e., (x, y) kV where a plus x kV and a minus y kV were applied to the syringe and the target, respectively. Table 1 and Fig. 3 compare the average diameters and their distributions of the fibers electrospun at different applied voltages. The average fiber diameter was the largest at (5, -5) kV and smallest at (10, -3) kV. It showed a decreasing tendency with increasing the voltage applied to the syringe. When the target was applied with a minus charge, both thinner and thicker fibers were formed, giving a bimodal nature to the distribution. Particularly, at (5, -3) and (10, -3) kV, formation of thin fibers was clearly noticed. At the ordinary voltage of (10, 0) kV, the distribution was the widest. SEM analysis also revealed that many thick fibers existed together with thin fibers at (5, -5) kV where a lower voltage was applied on the syringe and that the uniformity of the fibers were lower than that observed at (7, -3) kV where a higher voltage was applied on the syringe with the total applied voltage being constant at 10 kV. When the grounded target at (10, 0) and the minus target at (10, -3) kV were compared, formation of thicker fibers were larger in the latter together with bead formation. However, the relationship between the applied voltage and the diameter distribution remained unclear. Therefore, we chose (10, 0) kV as the optimum applied voltage in the following electrospinning with the conditions of 10 cm in syringe-to-target distance and 1µL/ min in solution extrusion rate.
Figs 4, 5, and 6 show the SEM photos of the electrospun fibers from the dopes containing different concentrations of PLLA163, PLLA275, and PDLA332, respectively. The fibers electrospun from 1 wt% solutions showed morphologies of fibrils (Fig. 4a) or bead-onstrings (Figs. 5a and 6a ) regardless of the Mw of PLA. In the dope containing 1 wt% of PLLA163 whose Mw was the lowest, the viscosity was not sufficiently high to yield continuous fiber during the electro-spraying. Even with PLLA275 or PDLA332 having higher molecular weight, no continuous fiber was formed at this low concentration of 1 wt% because of the least chain entanglement. With the dopes containing 4 wt% of PLLA163 and PLLA275, formation of the beads-on-strings was observed ( Fig. 4b  and 5b ). Preferential fiber formation was achieved when the concentration increased to 8 wt% for each of PLLA 163 and PLLA275 (Figs. 4c and 5c ) and above 4 wt% for PDLA332 ( Fig. 6b and 6c) . The average diameters of these electrospun fibers are compared in Table 2 . Fiber diameter seemed to increase with the solution viscosity. Very thick fibers were formed from the dope containing 8 wt% of PDLA332.
It has been known that the viscosity of the dope has a precise role of determine the morphology of the electrospun fibers. Low viscosity may result in the formation of beads instead of fine uniform fibers probably due to insufficient molecular chain entanglement to retain molecular interaction to form a fiber. As the solution viscosity increases, the morphology turns from beaded fibers to uniform fibers via beads-on-strings. However, with increasing viscosity fiber diameter becomes thicker [13 -17] , failing to obtain nanofibers. Here, the above concentrations seem to be appropriate to give the optimum viscosity.
Various parameters affecting the electrospinning of aligned fibers
Electrospinning with the rotating fin target shown in Fig. 1 gave PLA fibers in aligned form as previously reported [2] . Electrospinning was done at optimum conditions of 10 kV in applied voltage and 10 cm in distance with a collector rotating speed of 100 rpm (0.73 m/s in line speed). The first polymer jet extruded from the needle flied to the top of a grounded fin and jumped to one another as the fins rotate. The fiber link between the fins was successfully kept until a significant amount of fibers were accumulated around the tops of fins. Fig. 7 compares the SEM photos of the aligning electrospun fibers obtained from the dopes containing 8 wt% of PLLA163 and PLLA275 and 4 wt% of PDLA332. The percentages of fibers aligning within an angle of ± 5°t o the reference axis (the rotating direction of the collector) were evaluated from several parts of the SEM photos. The resultant percentages were 60, 86, and 83 % for the fibers of PLLA163, PLLA275, and PDLA332, respectively. The polymers having higher molecular weights gave better alignment.
These as-spun fibers in aligned form were then subjected to drawing at several different temperatures higher than the crystallization temperature (Tc) of PLA. The fibers of PLLA163, PLLA275, and PDLA332 could be drawn to their maximum draw ratio of 3 times at 110 , 4 times at 150 , and 3 times at 170 , respectively. Fig. 8 shows the SEM photos of the drawn fibers. The distributions of fiber diameters were also evaluated from these figures. Fig. 9 summarizes the histograms of diameter for both as-spun and drawn fibers of PLLA163, PLLA275, and PDLA332. It is clearly shown that the fiber diameter became smaller and its distribution became narrower as the draw ratio increased (table 3) . Compared to the aforementioned entangled fibers, the aligned fibers have significantly increased fibers diameters. Electric field was more focused and uniformly distributed between syringe tip and flat target compared to between syringe tip and rotating point target for collecting aligning fibers. This may cause weaker electric field during electrospinning of aligning fibers and thus elongation effect on the electrospinning jet was smaller.
Characterization of the aligned PLA fibers
It has previously been reported that the crystallization of the electrospun fibers is retarded because of the rapid solvent evaporation during the elecrospinning [18 -22] . Recently, Kim et al. prepared crystalline fibers of poly(3-hydroxybutyrate) (PHB) by electrospinning [23] . Lee et al. also obtained crystallized electrospun fibers of poly(1-butene) (PB), poly(4-methyl-1-pentene) (PMP), and their blends [24] . These examples may be due to the post crystallization of the polymers that have relatively lower Tg. enhancement of crystal orientation. Among the three fibers, those of PLLA 275 show the highest crystal orientation because of the highest draw ratio. Fig. 13 compares the SAXS patterns of the as-spun and drawn fibers of PLLA275. While the as-spun fibers show no regular structure, the drawn fibers (Fig. 13b) show an ellipsoid pattern, suggesting a micro-void structure involved in the fibers. However, no spot due to the lamellar long period is noted in the meridian direction [17, 19] . This may suggest that the micro crystals involved in the fiber should have a smectic arrangement. Table 4 summarizes the mechanical properties of asspun and drawn (3 times) fibers of PLLA163, PLLA275, and PDLA332. The tensile strength of the fibers of PLLA 163 increased from 0.084 to 0.18 g/ d after drawing 3 times. Their tensile modulus was also improved after the drawing. The tensile strength and modulus of the fibers of PLLA275 also became twice after the drawing while those of the fibers PDLA332 became 4 and 3 times, respectively. However, the tensile properties of those fibers were lower than the conventional melt-spun fibers. This may be attributed to the high porosity of the fibers that were formed by rapid solvent evaporation as depicted in Figure 6c 
Conclusions
It was found out that the morphology of the electrospun fibers of PLLA can be controlled by controlling the applied voltage and polymer solution viscosity with other electrospinning conditions being unchanged. The electrospun fibers of PLLA were successfully aligned by using a newly developed target collector and were drawn at optimum temperatures. The WAXD of the as-spun and drawn fibers showed amorphous and crystalline patterns, respectively. The WAXD pattern of the drawn fibers supported crystal orientation. The mechanical properties of the fibers were greatly improved by drawing. Table 4 Mechanical properties of electrospun fibers of various PLA Fig. 13 SAXS patterns of the electrospun fibers of PLLA275 : a) undrawn and b) drawn to x 3 at 150 .
